In this work, wet ball milling with Tetrahydrofuran (THF) was applied to activate the LiNH 2 +1.2LiH hydrogen storage system. Based on this, the effect of boron nitride additives was studied. Compared to dry ball milled samples, the wet ball milled material showed similar particle and crystallite size. While an additional 24 hours wet ball milling with fine milling ball process reduced the particle size obviously. The recyclability of this hydrogen storage system was enhanced significantly by an additive of 3 wt. % boron nitride, while particle and crystallite size were not influenced after milling.
Hydrogen is a promising clean energy source. Hydrogen storage today remains one of the most significant issues hindering the development of a 'hydrogen energy economy' [1] . The Li-N-H system is regarded as a promising system for hydrogen storage [2] . Chen et al. [2] firstly reported the following reversible reaction the following reaction in the Li-N-H hydrogen storage system: It has been well reported [3] [4] [5] [6] 10 ] that the reaction (1) can be separated into the following two reaction steps:
(2)
As decreasing the diffusion distance to nanometers and increasing the specific surface area are beneficial to improve the hydrogen storage performance [7] , many attempts such as dry ball milling [8, 9] , have been made to improve its hydrogen absorption/desorption properties for hydrogen storage applications. Furthermore, some additives such as Ti catalysts [3] and Si [10] have already been studied. Recently, nitrides were proposed as a new group of additives, BN was reported to allow a remarkable improvement of dehydrogenation profile of the Li-N-H system [11] . Other literatures [9, 12] also show that the use of organic additives (benzene, cyclohexane, THF, etc.) in the milling processes is very crucial in determining the structural properties of the resulting nano-sized samples.
In this study, interest has concentrated on the influence of ball milling with THF on microstructural features, such as crystallite size and particle size. Furthermore, in a wet ball milling process 3 wt.% boron nitride was added to study its influence on the LiNH 2 +LiH hydrogen storage system.
The raw materials, lithium amide (LiNH 2 , purity 95%), lithium hydride (LiH, purity 98%) and Tetrahydrofuran (THF, purity 99.5 %) were purchased from Acros Organic (Geel, Belgium) and boron nitride (BN, purity 98%) from Sigma Aldrich Chemie GmbH (Taufkirchen, Germany). All sample handling procedures were carried out in a glove box under argon atmosphere. The molecular ratio between LiNH 2 and LiH was set to 1:1.2 as suggested in the literature [13] . Yttrium stabilized zirconia grinding beads (YSZ milling balls, Ø 5 mm and Ø 2mm, 7:3 in weight ratio) were used as milling media. 5 g sample mixtures were wet or dry ball milled for 72 hours in a planetary ball mill at room temperature with a ball-to-powder ratio of 10:1. For wet ball milling samples, 20 g THF was added as milling media. Afterwards, some wet ball milled suspensions were milled again with finer milling balls (YSZ milling balls, Ø 0.1mm, ball-to-powder ratio of 10:1) for another 24 h to yield further reduction of the particle size. The final suspensions of samples were evaporated at room temperature in the glove box and then the remaining sample powders were grinded by mortar. The component and processing methods of the samples can be found in table 1. Hydrogen sorption measurements of the samples were processed by the volumetric apparatus BELSORP-HP (BEL Japan, Osaka, Japan) and gravimetrically by the magnetic suspension balance ISOSORP-Hygra (RUBOTHERM GmbH, Bochum, Germany). The BELSORP-HP system is a closed volume system. The pressure change during the sorption process can be measured and recorded. The weight changes of the solid samples during the sorption process are calculated based on the pressure change. Alternatively, it is also possible to directly measure and record the mass change during the whole measurement by the magnetic suspension balance system. The desorption experiments performed in this system were controlled in vacuum condition during the whole testing.
Initially, hydrogen desorption cycling experiments were performed in both systems. The designation of the tested sample is T-72-3BN. In the experiments, between every two desorption processes, there were no absorption processes. Instead, the systems were cooled down to room temperature and evacuated. The desorption cycling experiments were done in the BELSORP-HP system for 5 cycles and in magnetic suspension balance system for 2 cycles. The desorption temperature was 250°C. The desorption time was 3 hours. In the BELSORP-HP system, the initial condition was vacuum. In the magnetic suspension balance system, the system pressure was kept in vacuum during the entire testing period.
The influence of 3 wt.% of boron nitride was studied in the BELSORP-HP system. Hydrogen desorption-absorption cycling experiments of both T-72 and T-72-3BN samples were done. The desorption temperature was 250°C and the absorption temperature was 200°C. Both of the desorption and absorption process lasted for 3 hours. The hydrogen desorption experiment performed in this closed system always began with an initial vacuum. The absorption experiment always began with an initial pressure of 1000 kPa. fig. 1 . It can be seen that after dry or wet ball milling processes, LiNH 2 and LiH phases existed in all the samples, no new phases except Li 2 O in some samples had been found, which means that THF had no major reaction with the samples. The crystallite sizes of samples were calculated based upon the XRD patterns by the Williamson-Hall plot method. The results in table 2 show that both the wet and dry ball milling processes have reduced the crystallite size successfully. The addition of 3 wt. % of boron nitride and the additional 24h fine wet ball milling process did not influence the crystallite size obviously. Fig. 2 shows the SEM images of as milled samples. In these images both agglomerates and single particles can be observed. According to fig. 2 (a) and (c) showing micrographs of samples with the same milling time, the wet ball milled sample and the dry ball milled sample show only slightly different morphology of the agglomeration with the particle size (approximately 40 nm-500 nm) very similar to each other. Fig. 2 (b) and fig. 2 (c) correspond to the two samples which were wet ball milled for 72 hours under the same milling condition. The sample in fig. 2 (d) , was additionally wet ball milled with fine milling balls (Ø =0.1mm) for 24 hours. It can be found that the particle size of the sample has been largely decreased due to the additional 24 hours wet ball milling with fine milling balls. Comparing fig. 2 (a) and fig. 2 (b) reveals that the addition of 3 wt.% boron nitride did not change the morphology and the particle size of the sample evidently. Fig. 3 and fig. 4 show the desorption cycling results obtained by the BELSORP-HP and magnetic suspension balance systems. The studied sample was T-72-3BN. Fig. 3 shows that, at the first desorption cycle, around 2.8 wt.% weight loss was achieved, even after the 5th cycle some further weight loss (around 0.75 wt.%) was still observed. However, the results of the magnetic suspension balance system in fig. 4 show that after the 1st desorption cycle under permanent vacuum conditions, around 5.5 wt. % weight loss could be achieved. At the second cycle, the sample showed almost no further weight loss. These results show that the result weight loss of our hydrogen system is largely depending on the pressure.
XRD

SEM
Hydrogen isothermal desorption experiments
On the other hand, from a thermo dynamical point of view for a given temperature the equilibrium pressure should be the same for one sample. However, fig. 3 shows that the final pressure of the samples decreased continuously from cycle to cycle. In order to check eventual crystallite size changes during the desorption processes, the crystallite sizes of the as milled sample and the sample after the 1st and 5th desorption processes were analyzed by the XRD method. The results in table 3 show that after the 1st and the 5th desorption cycle, the crystallite size did not change significantly. This result indicates that probably the crystallite size is not the major influencing factor for the desorption behavior. reason might be the increasing partial pressure of NH 3 during the hydrogen desorption cycles experiments. However, this conclusion still needs the support of experimental results. Fig. 5 (a) shows the cyclic hydrogen desorption curves of T-72. It can be seen that for the wet ball milled sample without additives in the 2nd and 3rd cycles much less hydrogen has been desorbed within the first 120 min. The desorption amount is only 84.6% and 38.5% related to the 1st cycle. Beside the amount of released hydrogen, also the hydrogen release rate was much smaller for the 2nd and 3rd cycles compared to the 1st cycle. Thus, a substantial degradation of the material happened. Fig. 5 (b) shows the cyclic hydrogen desorption curves of T-72-3BN. It can be seen that for the wet ball milled sample with additives the cycling performance is much better than without the additive. For the 2nd and 3rd cycle the desorption amount is 90% and 85% related to the first cycle. In addition, also the hydrogen release rates in the 2nd and 3rd cycles were also similar compared with that of the 1st cycle. Moreover, for the second and third cycle, the sample reached the equilibrium much faster than the sample without additive.
Influence of boron nitride as additive
The comparison of results in fig. 5 shows that the recyclability of this hydrogen storage system was enhanced significantly by an additive of 3 wt. % boron nitride. Imamura et al. has reported that boron nitride yields a remarkable improvement of the dehydrogenation property of the Li-N-H system [11] . In our study we did not find an improvement in the dehydrogenation kinetics but in the recyclability. However, it was suggested that the catalytic role of boron nitride originates from an improvement of surface reactivity and diffusion enhancement [11] . The catalytic role of boron nitride in our study is still not clear.
Dry and wet ball milling processes can decrease the sample crystallite size effectively. Under the same milling conditions, dry, and wet ball milling process as well as addition of 3 wt. % boron nitride as additive lead to similar particle and the crystallite sizes. However, an additional 24 hours milling process with fine balls could largely decrease the particle size. The crystallite size of the sample with 3 wt. % boron nitride did not change considerably after hydrogen desorption at 250°C. The recyclability of this hydrogen storage system was enhanced significantly by an additive of 3 wt. % boron nitride.
